Levels
It is known that overexpression of CenH3 results in its misincorporation throughout chromatin [9, [18] [19] [20] . Our own previous studies showed that, in cultured Drosophila Kc cells, transient overexpression of CenH3 CID induces mislocalization through chromatin [9] . However, upon culturing of the cells, CenH3
CID localization is progressively restricted to centromeres through a process that involves proteasome-mediated degradation, as it is prevented when cells are cultured in the presence of proteasome inhibitors [9] . However, whether endogenous CenH3 CID , or only the misincorporated overexpressed protein, is regulated by proteolysis remained to be determined.
Here, we have addressed this question in the fly using two temperature-sensitive (ts) mutations of the proteasome, Pros26 1 and Prosb2, which carry T47I and G209R substitutions in the b6 and b2 subunits, respectively [21, 22] . In these experiments, the patterns of CenH3 CID localization were determined in brain squashes obtained from third-instar Pros26 1 /+ and Prosb2/+ heterozygous larvae, because both mutations are homozygous lethal. Control wild-type (WT) flies show a distinct punctuated pattern of CenH3 CID localization that reflects centromeric localization and is not altered when larvae are raised at nonpermissive temperature, 29 C ( Figure 1A ). On the other hand, at 29 C, approximately 8% of Pros26 1 /+ cells (n = 6,566) show a diffuse aCenH3 CID staining, which is not observed at permissive temperature, 25 C (0%, n = 3,250) ( Figure 1B ). This difference is statistically significant: p < 0.0001. Similar results were obtained when Prosb2/+ flies were analyzed ( Figure 1C ). Prosb2 is a stronger ts mutation, so that Prosb2/+ individuals die early during larval development at 29 C. In this case, however, a significant percentage of cells show diffuse aCenH3
CID staining even at 25 C (7%, n = 2,632) but not at 18 C (0.12%, n = 3,255) ( Figure 1C ). Altogether, these results show that mutations impairing proteasome functionality result in increased CenH3 CID levels and delocalization through chromatin, indicating that proteolysis also regulates endogenous CenH3 CID . Western blot analyses strongly suggest that CenH3 CID is directly targeted for proteasome-mediated degradation because CenH3 CID species of high molecular weight, compatible with conjugation of one or two ubiquitin molecules, are detected in extracts prepared from proteasome mutant larvae ( Figure 1D ).
CenH3
CID Interacts with the F Box Protein Partner of Paired A yeast two-hybrid screen performed to search for proteins capable of binding the N-terminal domain of CenH3 CID (NCenH3 CID ) identified an interaction with partner of paired (Ppa), an F box protein that is a variable component of the E3-ubiquitin ligase SCF [14] [15] [16] [17] . One of the 18 different positive clones identified in this screen, Ppa 113 , corresponds to a truncated form of Ppa that retains the last three leucine-rich repeats, which are known to mediate specific recognition of the substrate [16, 23, 24] . As judged from growth in the absence of leucine (Leu2), which detects positive interactions, Ppa 113 interacts with NCenH3 CID (Figure 2A ). CenH3 CID -Ppa interaction was confirmed in vitro by glutathione S-transferase (GST) pull-down assays, because GSTCenH3 CID interacts very efficiently with Ppa ( Figure 2B , lane 3 in upper panel) and, vice versa, CenH3 , a divergent L1/a2 region of the HFD that, both in humans and flies, determines centromeric localization of CenH3 [25, 26] and mediates interaction with other constitutive centromere/kinetochore components [27] , specific chaperones [28] [29] [30] , and, in particular, Psh1, an E3-ubiquitin ligase that regulates CenH3
Cse4p stability in budding yeast [12, 13] . As shown in Figure 2C (2) knockdown transgenic flies, which carry a UAS GAL4 construct expressing a synthetic hairpin from the coding region of ppa that, upon crossing to flies expressing GAL4, generates siRNAs to silence ppa expression. ppa RNAi (2) significantly reduces ppa mRNA levels (see Supplemental Experimental Procedures available online for details). As shown in Figure 3A and Figure S1A available online, depletion of Ppa results in increased CenH3 CID levels and delocalization through chromatin. In these experiments, Ppa depletion was induced ubiquitously, by crossing ppa RNAi (2) to flies carrying a 69B-GAL4 driver, or specifically at larval brains, by crossing to flies carrying elav-GAL4 or sca-GAL4 drivers, and the pattern of CenH3 CID localization was determined in brain squashes by immunostaining with specific aCenH3 CID antibodies. In all cases, a significant percentage of cells showed increased levels and delocalization of CenH3 CID (Figure 3A, right) . Similar results were obtained when an independent ppa RNAi(1) knockdown line was used ( Figure S2 ). These effects are the consequence of Ppa depletion, because no delocalization is observed in any of the parental ppa RNAi knockdown lines, the GAL4-drivers used, or when RNAi is hyperactivated in control GFP RNAi flies, expressing siRNAs against GFP ( Figure 3A; Figures S1B, S1C, and S2) .
Overexpression experiments confirmed the contribution of Ppa to the regulation of CenH3 CID stability ( Figure 3B ). In these experiments, flies carrying a UAS GAL4 construct expressing a tagged CenH3 CID -YFP form were crossed to flies carrying an en-GAL4 driver, where GAL4 is specifically expressed in the posterior compartment, so that, in wing imaginal discs, The CATD CID Mediates Ppa-Dependent CenH3 CID Stability Next, we asked whether CATD CID , which mediates CenH3 CIDPpa interaction in vitro ( Figure 2C ), regulates Ppa-dependent CenH3 CID stability in the fly. To address this question, we performed similar overexpression experiments as those described in Figure 3B, Figure 4C , compare control in panels H3 and H3:CATD CID ; Figure 4D , compare lanes 1 and 3). These effects do not reflect variable expression of the constructs as a result of the different chromosomal locations where they are inserted, because two independent transgenic lines were analyzed for each construct, showing similar results. Most important, the contribution of CATD CID to the regulation of CenH3 CID stability depends on Ppa, because its depletion strongly increases expression of CID antibodies (in red) in brain squashes from knockdown ppa RNAi (2) larvae, where depletion of Ppa was induced by the elav-GAL4 driver (n = 8,166) and from control ppa RNAi (2) larvae, where no depletion was induced (upper panel) (n = 1,825). DNA was stained with DAPI. Arrows indicate cells showing increased CenH3
CID content and delocalization. See also Figure S1A for results obtained when depletion was induced by 69B-GAL4 (n = 6,241) and sca-GAL4 drivers (n = 3,968). Quantitative analysis of the results is shown on the right, where the percentage of cells showing delocalized CenH3
CID is presented when Ppa depletion was induced by the indicated GAL4-drivers and when no depletion was induced (control). Error bars are standard deviation (SD). See also Figure S1 and Figure S2 . constructs carrying CATD CID (i.e., CenH3 CID and H3:CATD CID ), whereas it has no significant effect on expression of constructs carrying CATD H3 (i.e., H3 and CenH3 CID :CATD H3 ) (Figure 4) . Additional determinants appear to contribute to CenH3 CID stability, because H3:CATD CID is expressed to higher levels than CenH3 CID (compare Figure 4B , lane 1, and Figure 4D , lane 3) and Ppa depletion slightly increases CenH3 CID :CATD H3 levels ( Figure 4B, lanes 3 and 4) . At this respect, it must be noted that, as shown by yeast two-hybrid and GST pull-down assays, Ppa also interacts with the N-terminal domain of CenH3 CID (Figures 2A and 2B ). Altogether, these results indicate that Ppa-dependent stability of CenH3 CID is largely mediated by CATD CID . Most remarkably, in budding yeast, CATD Cse4p has also been shown to mediate interaction with Psh1 and proteolytic degradation of CenH3
Cse4p [13] , suggesting that a conserved function of CATD is to regulate CenH3 stability. CATD has also been implicated in targeting CenH3 to centromeres [25, 26] . As a matter of fact, CenH3 CID :CATD H3 mislocalizes through chromatin ( Figure S4 ). It must be noted, however, that H3:CATD CID shows diffuse localization throughout chromatin ( Figure S4) CenpA to centromeres [25] . These observations suggest that, in Drosophila, other determinants also contribute to centromeric localization of CenH3 CID . Actually, in budding yeast, H3 constructs capable of rescuing lethality associated to a cse4D deletion carry, in addition to CATD Cse4p , a short region of helix a3 and the complete N-terminal domain [31] . Alternatively, considering that CenH3 CID -Ppa interaction appears to involve several determinants, it is possible that chimeric proteins carrying only CATD CID are not sufficiently downregulated and, therefore, are deposited throughout chromatin.
General Considerations and Implications
Results reported here show that, in Drosophila, the F box protein Ppa regulates CenH3 CID stability. Ppa is a component of SCF [14] [15] [16] [17] , a main E3-ubiquitin ligase complex that incorporates different F box proteins as variable subunits for specific recognition of the substrate and mediates degradation of key cell-cycle regulators (reviewed in [23, 24] CID deposition at centromeres occurs at anaphase [32] , which is precisely when most known SCF complexes are not active [23, 24] . In this scenario, it is tempting to speculate that proteolytic degradation and centromeric deposition of CenH3 CID are tightly synchronized. It is possible that, at interphase, SCF Ppa regulates CenH3 CID levels to prevent its promiscuous incorporation during DNA replication or at sites of high histone turnover. In this model, newly synthesized CenH3 CID becomes available for deposition when, at mitosis, CenH3
CID is no longer regulated by SCF Ppa . Most interestingly, in human cells, centromeric CenH3
CenpA deposition also occurs at late anaphase/early G1 [33, 34] , suggesting that SCF-mediated proteolysis could be a general mechanism to regulate CenH3 deposition. At this respect, it must be noted that in budding yeast, where centromeric CenH3
Cse4p deposition occurs during DNA replication after all preexisting CenH3
Cse4p has been evicted from centromeres [35] , a different E3-ligase, Psh1, has been shown to regulate CenH3 Cse4p stability [12, 13] . In fission yeast, CenH3
Cnp1 deposition also occurs both at S and in late G2 [36] . It is possible that SCF regulates CenH3 stability only in metazoans, where CenH3 deposition is replication independent [37] [38] [39] . It is also possible that, both in yeasts and metazoans, various E3-ligases regulate CenH3 stability. As a matter of fact, CenH3
Cse4p degradation is not fully abolished in a psh1D strain [12, 13] .
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